Sources that can lead to deterioration of steam superheater tubes of a high pressure boiler were studied by a stress analysis, focused on internal pressure and temperature experienced by the material at real operating conditions. Loss of flame control, internal deposits and unexpected peak charge are factors that generate loads above the design limit of tube materials, which can be subjected to strain, buckling, cracks and finally rupture in service. To evaluate integrity and dependability of these components, the microstructure of selected samples along the superheater was studied by optical microscopy. Associated with this analysis, dimensional inspection, nondestructive testing, hardness measurement and deposit examination were made to determine the resultant material condition after twenty three years of operation.
Introduction
Superheater tubes are surfaces for heat exchange, with the object of increasing the steam temperature, after it comes from the boiler drum, to a value higher than saturation. This has two basic purposes: to increase the thermodynamic efficiency of the turbine, in which the steam will be expanded; and to make the steam free of humidity. In normal operation, the boiler analyzed in this paper, named REDUC/SG-2001, produces steam that is superheated by approximately 200 °C at the inlet of the turbine. The steam flow has to be intense to permit the heat absorption from the tube, avoiding deformation because of high temperature.
The superheater can be divided in two sections, primary and secondary, as in the boiler studied, where the superheater tubes are within the radiation zone. After nineteen years of service, the primary one showed some tube deformation, which had become greater when observed at the last inspection/maintenance shut downs. This residual plastic deformation was observed on the outlet tube, attributed to differential dilatation, because of different temperatures (∆T), between the last two tubes, anchored by spacers, and causing buckling. After that, in December 2001, when the boiler had twenty three years of service, a stress and metalographic analysis was made on an assembly removed from the boiler, involving yet dimensional inspection, nondestructive testing, hardness measurement and deposit examination. The objective was to determine the state of integrity of the material in order to estimate a limit of deformation and then indicate the best maintenance service for this equipment, which is critical to the continuity of the refinery processes. The REDUC boiler is model VU-60, nominal charge 365 ton/h of steam, design pressure 119 kgf/cm 2 and operating pressure 104 kgf/cm 2 . The strength of a boiler tube depends on the level of stress as well as on temperature when the tube metal temperatures are in the creep range. Because an increase in either stress or temperature can reduce the time to rupture, attention must be given to both factors during investigation of a failure by a stress-rupture mechanism, which can be encountered in a superheater. This can occur particularly by two mechanisms: short-term overheating and high temperature creep. In the first one, a single incident, or a small number of incidents, exposes the tube steel to an excessively high temperature (hundreds of degrees above normal) to the point where deformation or yielding occurs. Overheating results from abnormal conditions such as loss of coolant flow, internal oxide layer or flame incidence. The second one is either called long term or extended overheating failures, which results from a relatively continuous extended period of slight overheating, stress, or the accumulation from several periods of excessive overheating. Creep deformation results in little or no reduction in wall thickness, but produces measurable creep elongation or increases in diameter in ferritic steel tubes 1 . The first published attempt to relate creep-life consumption of plant components to cavitation (voids) was that of Neubauer and Wedel 2 . They characterized cavity evolution in steels at four stages -i.e., isolated cavities, oriented cavities, linked cavities (microcracks) and microcracks -as shown in Fig. 1 . Based on observations on steam pipes in German power plants, they estimated the approximate time intervals required for the damage to evolve from one stage to the next under typical plant conditions. They formulated recommendations corresponding to the four stages of cavitation (A, B, C, D).
Corrosion is another expected mechanism that can lead superheater tubes to failure. Localized or generalized loss of thickness occurs because of corrosion by the products of combustion (external) or from steam, especially when some contaminated water, coming from the drum, flows through the superheater (internal) after some process abnormality. This causes increased stress in a tube operating at a constant internal pressure. In addition, corrosion is a source for overheating problems, by the formation of an oxide layer, which is a barrier to heat transfer. As its thickness increases, metal temperatures must also increase to maintain a constant outlet temperature. Typically, tube metal temperatures increase from 0.6 to 1.1 °C for each 30 µm of internal oxide formed. Allowing for these changing conditions of metal temperature and stress over time is key to reliable creep life prediction of alloy superheater tubes 3 . Another mechanism that can lead to failure is fatigue of the tubes. Pressure equipment, unlike rotating machinery and aircraft structures, is not usually subjected to large numbers of load cycles during its lifetime, and ductile metals can absorb surprisingly large strains for limited numbers of cycles. When, however, the utmost in reliability and efficient utilization of material is required it becomes necessary to calculate pressure stresses and thermal stresses in detail and to determine whether or not fatigue failure is possible in a few hundred cycles. The fatigue curve shows stress or strain versus cycles and which contains sufficient safety factors to give safe allowable operating cycles for a given value of calculated stress. The stress values on the fatigue curves should be directly comparable to stress values which a designer calculates using his usual methods of analysis for pressure stress, thermal stress, stress concentration, etc 4 . 
Experimental
A microstructural analysis was made by optical microscopy to compare the state of integrity superheater tube materials from inlet to outlet steam zones. Steam temperature varies from 310 to 450 °C inside the primary superheater and the gas temperature outside the tubes is approximately 800 °C, within the radiation zone. The quantitative measurements by microscopy were made according to ASTM Standards E 112-96 5 and E 562-89 6 . For analysis of internal and external layers, to determine their thickness and composition, a scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS) was used.
Ten samples were prepared from pieces of tubes, extracted from an assembly, in the positions shown in Fig. 2 . The design steel specifications were confirmed by analysis with alloy analyzer "Metalurgist", model 9277, by x-ray fluorescence spectrometry, and are indicated in Table 1 .
A Rockwell B hardness test was made on sections of the samples, according to standard NBR NM 188-1-99 7 . Dimensional measurements (diameter and thickness) and NDT by liquid penetrant were made along the assembly.
For stress analysis a commercial software, ANSYS 5.4, was used, with the finite element method, to determine the post buckling condition considering the actual geometry of the last two tubes, in the outlet steam zone. The special tube element, Pipe 20, was used, which can analyze situations containing plasticity and large displacement. In normal service conditions, the average temperature difference between the last two tubes is about 25 °C, but this can vary, especially when there is some loss of operational control or emergency. A temperature change, "∆T", of 50 °C between these tubes, which could provoke a lateral deflection, because of a bending-compression of the hottest one, similar to one observed in the assembly studied. After that, cycles of tube heating and cooling, during boiler starting and shutdown, were simulated to find out the time and extent of deformation that could lead to nucleation of fatigue cracking. The material properties considered for the calculations were: elastic modulus (E) (21000 kgf/mm 2 ); yield stress (21 kgf/mm 2 ); and the elasticplastic modulus (200 kgf/mm 2 ).
Results and Discussion
Hardness measurements are described in Table 2 . The hardness results are below the maximum allowed by ASTM Standard A213 8 (85 HRB) and do not vary greatly along the assembly. It shows that, firstly, this mechanical property of the material is preserved. The tube thickness does not show significant losses caused by corrosion during the time in service. During the last shutdown the medium rate of corrosion was 109 µm/year, and the residual life was estimated as 14 years, considering local loss of thickness in the calculations.
A dimensional mapping of the assembly was made by measurement of diameters, which did not show any increase, which would indicate an advanced state of creep deformation. Some NDT by liquid penetrant at the spacers' welds and the curves of the tubes did not indicate the presence of any cracks.
The internal surface was analyzed with the SEM, where a maximum surface layer of 15 µm was observed. EDS results, shown in Fig. 3a , indicated the presence of iron (Fe), chromium (Cr), oxygen (O), phosphor (P) and sulfur (S). These elements come from the formation of a protective layer, containing Fe, Cr and O, and possibly from the water treatment and impurities, especially P and S. Mild decarburization was observed on some samples, numbers 1, 2, 6, 7, 8 and 9, this being normal because of the high temperature and time of service of the equipment and without bad implications on its integrity.
On the external surface, the maximum layer was 122.67 µm. EDS results, shown in Fig. 3b , indicated the presence of iron (Fe), silicon (Si) and chromium (Cr) from the steel. Burn residues, which have diffused from the external layer, containing vanadium (V), oxygen (O) and sulfur --8  8 5  --9  8 0  --10 90 --(S) were present, indicating the formation of sulfides and other compounds that can lead to a liquid phase, which destroys the oxide layer, intensifying the corrosion process. A microstructural analysis was made specifically looking for: creep indications; the presence of pores, aligned carbides or microcracks; and microstructural damage, like carbide spheroidization. In general, a microstructure with a ferritic matrix, pearlite grains and chromium and silicon carbides, was found for both the grade T12 and T22 steels. The grain size obtained was the ASTM 6 (φ = 44.9 µm), except for sample 10, which was a little larger -ASTM 5,5 (φ = 53.4 µm). The results for some samples are shown in Fig. 4 .
In some regions, like the heat affected zone on sample 6 (Fig. 4d) , the presence of pores was observed, in low quantity and variable diameter, but with randomic distribution, either at carbide boundaries and matrix. Aligned or coalesced carbides weren't found, neither microcracks, which indicates that the material didn't reach an advanced stage of creep, as described on the literature 3 . However, it was observed that in the pearlite phase, for the T22 and T12 steels, a process of spheroidization of cementite had initiated. The region that primarily suffers a flame incidence, sample 3, has the biggest percentage of transformed pearlite, as shown in Fig. 4b . A smaller percentage is observed on sample 10, Fig. 4a , which lay beyond the bottom refractory, at a lower temperature. Sample 8, where buckling of the tube was observed, showed an intermediate degree of transformation of cementite. The percentages for each sample are shown in Table 3 . These percentages correspond to a fraction of pearlite at the beginning of a microstructural deterioration caused by high temperatures, but without significant change in mechanical properties.
Simulation of differential expansion of the last two tubes, caused by a ∆T of 50 °C, indicated a lateral deflection of the hotter one, inducing deformation. The total deformation (ε total ), plastic plus elastic, was 0.47%, near the two fixed spacers, superior and inferior. The same condition leads to a total deformation of 0.26% in the middle of the vain. The assembly is shown in Fig. 5a , illustrating the deformation in the outlet tube. The model used for calculations with ANSYS 5.4 is shown in Fig. 5b .
For this condition, an apparent stress range, calculated by .ε total .E, of 67000 psi occurs at the most strained points, submitted to heating and cooling cycles during boiler starting and shutdown. Applying this stress range to the graph of ASME section VIII, division 2 (appendix 5 -Design Based on Fatigue Analysis) 9 , corresponding to ferritic steels, it's found that 1500 (one thousand and five hundred) cycles would lead to nucleation of fatigue cracking. This is a long time when compared to the operating time of a boiler.
Doing the calculations in the opposite direction, considering 100 (one hundred) cycles, which corresponds to approximately 50 (fifty) years of operation, a total admissible deformation of 1.5% is found. This condition will occur when the lateral deflection reaches 130 mm, a value that has to be adopted as a criterion to change these superheater tubes.
Conclusions
1. According to the hardness results it was noted that the mechanical resistance of the material has been preserved. Dimensional measurements and NDT did not show evidence of creep damage. 2. The microscopic analysis of internal layer revealed the presence of deposits proceeding from steam or water that passes to the first superheater. The thickness of the layer does not indicate problems associated with material integrity or boiler efficiency. 3. The microstructural analysis revealed some spheroidization of cementite of pearlite, indicating an initial state of high temperature damage of the material. Aligned pores or microcracks were not found in the samples examined. These indicate that, for a period of twenty-three years of service, the material showed a satisfactory state of integrity. 4. Simulations with ANSYS 5.4 software indicated the sources for deformations observed on the studied assembly and the fatigue life associated with heating and cooling cycles. It was concluded that, based on these kinds of damage, the maximum lateral deflection allowed is 130 mm, which can be a criterion to indicate the necessity of changing these tubes.
